Nitrogen dynamics in riparian systems are oft en addressed within one land-use type and are rarely studied on watershed scales across multiple land uses. Th is study tested for temporal trends and watershed-wide spatial patterns in N mineralization and identifi ed site factors related to N mineralization. We measured net N mineralization in situ at monthly intervals for 1 yr at 32 riparian sites along the 124-km length of the Calapooia River, Oregon. We observed seasonal trends of mean net N mineralization with relatively low rates in the fall (29.8 kg N ha −1 yr −1 ) and winter (30.1 kg N ha −1 yr −1 ) and relatively high rates in the spring (122.1 kg N ha −1 yr −1 ) and summer (99.7 kg N ha −1 yr −1 ) when conditions for microbial activity and decomposition were likely enhanced. Annual net N mineralization on an area basis ranged from −13.5 to 234.0 kg N ha −1 yr −1 with a mean for all sites of 50.1 kg N ha −1 yr −1 . Annual net N mineralization per kilogram of soil ranged from −16.2 to 207.1 mg N kg soil −1 yr −1 , with a mean for all sites of 64.4 mg N kg soil −1 yr −1 . Regression analysis revealed hardwood basal area and coverage of grass as signifi cant positive predictors of kilograms of N mineralized per hectare. Location along the river explained 22% of the variability of N mineralization per hectare, indicating that riparian areas may function diff erently along the length of the river.
Environmental controls on N processes tend to be specifi c to individual ecosystems. In a multiple-continent review of studies of riparian buff er eff ectiveness, Hill (1996) concluded that hydrological structures of streamside environments provide the physical template that controls N processes. Groff man et al. (1996) reported that groundwater levels and soil organic matter were the best predictors of net N mineralization at four northeastern U.S. wetland sites. In upland ecosystems of humid tropical regions, disturbance, plant composition, and soil type were found to be controlling factors of nitrifi cation and denitrifi cation (Robertson, 1989) . In a topo-sequence study in a savanna ecosystem, Bechtold and Naiman (2003) found that N mineralization was greatest in fi ne-textured soils with high levels of total N. Litter quality has also been identifi ed as an important control on N mineralization with higher rates observed in soils dominated by hardwood litter compared with conifer litter (Scott and Binkley, 1997; Stump and Binkley, 1993; Van Cleve and Ericson, 1993) .
Th ere is also high variability in results of studies addressing landscape-scale patterns of N processing in relation to vegetation in riparian zones. In a study across a range of riparian ecosystems in Europe, Heft ing et al. (2005) found that plant production, N uptake, and N retention were higher in forested buff er sites compared with herbaceous buff er sites. In the Adirondack Mountains, upland conifer systems exhibited lower N mineralization compared with lower-elevation hardwood systems (Ohrui et al., 1999) . Bischoff et al. (2001) reported that in forested wetlands the supply of N from mineralization was less than uptake, suggesting that forested uplands are functioning as N sources and forested wetlands are functioning as N sinks. A landscape-level analysis in North Carolina showed that many sites were at a balance point between acting as a source or sink of N (Garten and Ashwood, 2003) .
Th e relative role and temporal and spatial variance of nutrient-cycling processes within commonly occurring riparian systems are not well documented in the Willamette Basin or similar basins in the Pacifi c Northwest. In riparian zones of the Willamette River Basin, it is unclear how N processes change across the landscape and how N processes may be controlled by soil, litter, or vegetation management. Furthermore, it is unclear if riparian areas act as sources or sinks of N or if they act as both under diff erent environmental conditions, seasons, or management scenarios.
Th e specifi c objectives of this study, which was conducted along the length of the mainstem of the Calapooia River, were to: (i) evaluate the seasonal fl uxes and net annual accumulation of soil N mineralization in riparian soils; (ii) investigate spatial patterns and temporal trends in net N mineralization across multiple land-uses and soil types; and (iii) evaluate relationships between net annual accumulation of mineralized N and soil and vegetation characteristics of the local riparian zone.
MATERIALS AND METHODS

Study Area
Th e Calapooia River Basin is contained within the southern portion of the Willamette River Basin in western Oregon. Th e Calapooia River spans 124 km and drains 966 km 2 with elevations ranging from 54 m at the mouth to 1571 m at the headwaters in the western Cascade Mountains. Th e climate is Mediterranean with dry, warm summers and cool, wet winters. Average yearly precipitation is 914 mm in the lower area of the watershed and 1524 mm in the upper area with 80% falling from October through March (Woodward et al., 1998) . Atmospheric N deposition is low with an estimated range of 1 to 3 kg N ha −1 yr −1 (NADP 2010) .
Th e lower area of the basin is fl at with average topographic slopes ranging from 0 to 5%, with low drainage densities for perennial streams but high drainage densities of intermittent and ephemeral streams during the winter (Wigington et al., 2005) . Th e lower mainstem has an average river gradient of 0.11% with sections of constrained and unconstrained braided river channels. Grass seed grown with sheep grazing is the primary management regime. Poorly drained soils, referred to as the Willamette Silt (WS) layer, dominate the lower area of the basin and are generally classed as xeric and mesic mollisols and alfi sols. Inclusions of less poorly drained alluvial soils are also common near present and past river corridors. Riparian management areas along the mainstem of the Calapooia River in the lower area of the basin range from hardwood forest to blackberry (Rubus sp.) thickets and managed grass buff ers.
Th e upper area of the Calapooia Basin is comprised of steep, welldefi ned hillslopes with an average river gradient of 2.4% and a generally constrained river channel. Th e primary land use is timber production using short rotation (~40-yr) Douglas-fi r [Pseudotsuga menziesii (Mirb.) Franco] management. Th e geology in the upper section of the watershed is comprised of weathered volcanic rock, such as basalts, andesites, and tuff s. Th e soils of the upper zone are well-drained and are dominated by udic, mesic, and cryic entisols with components of cobble and rock. Riparian management areas on the mainstem of the upper Calapooia River are dominated by mixed age classes of hardwood and coniferous tree species with isolated pockets of N-fi xing red alder (Alnus rubra Bong.).
Th e role of riparian soils and plant communities along the mainstem of the Calapooia River in relation to in situ net N mineralization was analyzed and compared across the gradient of existing riparian conditions at 32 sites throughout the Calapooia Basin (Fig. 1) . Th ese sites were located among a mix of ownerships, management regimes, and soil types. Sampling plots were located 5 m perpendicular from the bankfull line of the river, with three subplots established at cardinal directions 1 m from plot center.
Net Nitrogen Mineralization
Net fl uxes of inorganic-N were measured at a depth of 0 to 15 cm in the surface mineral soil at approximately monthly intervals (20-35 d) for 1 yr starting December 2005 using the buried-bag method (Eno, 1960) . Initial and in situ incubated soil cores were passed through a 2-mm sieve before laboratory determination of inorganic N. Coarse fragments were oven dried at 105°C and weighed. Inorganic-N was analyzed following a 2 M potassium chloride (KCl) extraction of 5 g of fi eld-wet soil. All processing and KCl extractions were completed within 5 d of cores being removed from the fi eld. Soils were stored at 4°C when not being processed.
Analysis of KCl extracts for nitrate N and ammonium N was conducted on a Lachat Quick Chem 4200 analyzer (Lachat Instruments, Loveland, CO) . Net N mineralization was estimated by subtracting the initial values of nitrate N and ammonium N from fi nal in situ incubated values.
Estimates of annual accumulated net N mineralization per kilogram of soil and per hectare were calculated by adding the 12 monthly incubations aft er weighting for the number of days of each incubation. In the case of missing incubations, we allowed one missing incubation value at any site to be interpolated from the two incubation values before and aft er the missing value. If more than one incubation failed at a site, annual accumulation values were not calculated for the site. Th is required the removal of fi ve sites, resulting in 27 sites for annual analysis.
Seasonal net N mineralization values were calculated by averaging the three monthly incubations (weighted for incubation length) in each season. We used the beginning of the water year, October fi rst, as the start of the fall season with 3-mo seasons continuing thereaft er. Seasonal inorganic N pools at the 0-to 15-cm depth were estimated by averaging by season the initial nitrate N and ammonium N values for the in situ incubations.
Site Characterization
Soil characterization was performed at each sample site during the spring of 2006. Samples of the organic litter layer were collected from the three subplots measuring 0.25 × 0.25 m. Th ese samples were dried at 65°C for 3 d and weighed. Bulk density volumetric cores were collected at the 0-to 15-cm depth within each of the three sub-plots at each sample site. Th ese cores were dried at 105°C, weighed, and then sieved to 2 mm and weighed again to provide estimates of total-and soil-fraction bulk density. At sites with coarse fragments too large to fi t in the soil cores, bulk density was estimated using the sand cone technique (Dane and Topp, 2002) . Additionally, ten 0-to 15-cm deep cores were sampled of surface mineral soil at each site and composited. Th ese samples were air dried and sieved to 2 mm for chemical characterization.
Soil subsamples were digested using pressure and microwave-assisted nitric acid (HNO 3 ) digestion and analyzed using a PerkinElmer ICP-OES Optima 4300 (PerkinElmer Life and Analytical Sciences Inc., Waltham, MA) for Ca, Mg, Mn, K, Fe, Cu, and P. We measured soil pH using a 2:1 deionized water/air-dried soil ratio with a Hanna HI98129 pH meter (Caprock Developments Inc., Morris Plains, NJ). Additionally, subsamples were ground and passed through a 0.85-mm sieve (20 mesh) and were analyzed for total N and total C on a LECO CNS 2000 analyzer (LECO Corporation, St. Joseph, MI). Particle-size analysis was performed using the pipette method (Day, 1965) .
Basal area and composition of overstory trees were measured using variable-radius plots and understory vegetation cover was measured in 3.14 m 2 circular plots during the summer of 2006.
Statistical Analyses
Two-sample t tests were used to examine if diff erences in mean annual net N mineralization occurred between sample sites located within the Willamette Silt layer (lower sites 1-14) and for sites up-river from the Willamette Silt layer (upper sites 15-32). An a level of 0.05 was used for all signifi cance tests. An additional t test was conducted to determine if there were diff erences between seasonal N mineralization rates per hectare. Relationships between annual N mineralization on a per hectare and per kilogram soil basis versus soil and vegetation characteristics at each of the sites were explored using stepwise regression analysis. Preliminary analysis indicated that 11 out of 14 of our candidate predictor variables were signifi cantly correlated with location along the length of the river (Table 1) . We therefore controlled for some of the systematic variation in site characteristics along the length of the river by forcing inclusion of river kilometer into a series of regression models. Th is allowed us to determine how much of the variability in N mineralization could be explained by location along the river and in turn assess how much of the residual variance could be explained by site variables. An a level of 0.05 was used for signifi cance and entry into the stepwise procedure with no limits on the number of variables allowed in the models. All statistical analyses were conducted in SAS 9.1 (Cary, NC). 
RESULTS
Site Characterization
Riparian soils along the Calapooia River showed distinct trends in both chemical and physical characteristics (Table 2) . Forest fl oor mass, total C, total N, and C/N were generally higher in upper, forested areas of the basin. Total soil Ca concentrations ranged from 682 to 9306 μg Ca g −1 soil −1 and pH ranged from 4.2 to 6.6 with both higher at the lower sites. Total bulk density ranged from 0.15 to 1.20 Mg m −3 , and soil-fraction bulk density ranged from 0.10 to 1.11 Mg m −3 , with both lower at the upper sites.
Th e lower riparian sites generally had more hardwood basal area and more diversity of hardwood species than the upper riparian areas (Table 3) . Red alder (Alnus rubra) was found at only three upper sites (20, 28, 30) , with 9.2 m 2 ha −1 of basal area at each. Th ere were no conifers in the lower riparian areas, with an increasing trend of more conifer basal area from the middle of the basin to the upper areas. Total tree basal area was highest in the conifer-dominated upper forested sites, with less basal area in the lower sites. Five sites spread across the basin had ≤5 m 2 ha −1 of total tree basal area.
Net Nitrogen Mineralization
Mean seasonal in situ net N mineralization in riparian soils along the length of the Calapooia River ranged from −166.3 to 973.6 kg N ha −1 yr −1 (Fig. 2) , with seasonal trends in net N mineralization occurring along the length of the river. Th e most rapid mean net N mineralization occurred in the spring (122.1 kg N ha −1 yr −1 ; SE = 32.4) and summer (99.7 kg N ha −1 yr −1 ; SE = 22.5) months, which were not significantly diff erent from each other (p = 0.67). Th e lowest mean net N mineralization was in the fall (29.8 kg N ha −1 yr −1 ; SE = 13.2) and winter months (30.1 kg N ha −1 yr −1 ; SE = 10.3), which were also not signifi cantly diff erent from each other (p = 0.99). All other possible comparisons of seasonal mean N mineralization rates between seasons were signifi cantly diff erent (p ≤ 0.01).
Seventeen sites across the basin had negative values of net N mineralization during at least one season, indicating that net immobilization had occurred during that season. Nine sites had net N immobilization in the fall, eleven in the winter, fi ve in the spring, and four in the summer. Spatial patterns were evident within seasons along the length of the river with greater net mineralization along the lower areas of the river and less net N mineralization (and more net immobilization) at upper areas in all seasons but summer. Annual net N mineralization per kilogram of soil ranged from −16.2 to 207.1 mg N kg soil −1 yr −1 , with a mean value along the length of the Calapooia River of 64.4 (SE = 12.1) mg N kg soil −1 yr 1 (Fig. 3) . Four sites in the upper section of the basin had annual net immobilization of N. However, there were sites in the upper and middle areas of the basin with annual net N mineralization that was greater than the mean for the basin, with three upper sites (No. 23, 24, and 28) Annual net N mineralization per hectare ranged from −13.5 to 234.0 kg N ha −1 yr −1 with a mean for all sites of 50.1 (SE = 10.0) kg N ha −1 yr −1 (Fig. 4) . Th e highest values were at the lower and middle reaches of the basin, whereas lower values were observed at the uppermost reaches. Four sites (No. 25, 26, 31, and 33) in the upper basin had net immobilization of N per hectare. Mean annual net N mineralization per hectare for plots in the Willamette Silt layer was 74.8 (SE = 21.8) kg N ha −1 yr −1 , whereas it was 37.7 (SE = 9.4) kg N ha −1 yr −1 in plots located along reaches upstream from the Willamette Silt layer. Th is diff erence of 37.1 kg N ha −1 yr −1 was not statistically signifi cant ( p = 0.08).
Inorganic N pools per hectare were consistently higher in the lower sites compared with the upper sites in all seasons (Fig. 5) . Th e upper sites were dominated by ammonium N and had relatively small variation across the four seasons. In contrast, the lower sites were dominated by nitrate N and there was more seasonal variability among these sites, with the winter period having the smallest inorganic N pools and fall having the largest.
Relationships between Net Nitrogen Mineralization and Characteristics of Riparian Zones
Stepwise regression selected total N, total Ca, and total tree basal area as signifi cant positive predictors of N mineralization per soil mass, regardless of whether or not river kilometer was forced into the models (Table 4) . River kilometer accounted for <1% of the variability in N mineralization per soil mass when it was forced into the model with total N, total Ca, and total tree basal area accounting for 32, 17, and 12%, respectively. Stepwise regression analysis selected the amount of hardwood basal area and the percentage of coverage of grass as signifi cant positive predictors of N mineralization per hectare. When river kilometer was forced into the regression equation, it accounted for 22% of the variability in N mineralization per hectare, with an additional 25% accounted for by hardwood basal area and 10% accounted for by percentage of grass coverage (Table 4) . When river kilometer was not forced into the model, hardwood basal area accounted for 45% of the variability in N mineralization per hectare, with an additional 11% accounted for by percent coverage of grass.
DISCUSSION Net Nitrogen Mineralization
Seasonal changes in mean net N mineralization observed in riparian zones along the length of the Calapooia River support similar research addressing seasonal variation in this soil process (Gosz and White, 1986; Heft ing et al., 2005) and agree with well-supported theories of soil microbial activity (Brady and Weil, 2002; Sylvia et al., 2005) . It is likely that cooler tem- perature regimes in the fall and winter suppressed microbial metabolism, which resulted in lower net N mineralization during these seasons. With the onset of warmer temperatures in the spring, microbial activity is likely to have increased, thereby promoting observed increases in net N mineralization. Changing soil moisture conditions and oxygen levels were also likely to play a role in the seasonal changes in net N mineralization we observed in riparian areas (Groff man et al., 1996) . Spring and summer moisture conditions in riparian zones of the Calapooia River may be more conducive to microbial activity than in fall and winter because of unsaturated conditions and corresponding higher oxygen levels during the relatively dry spring and summer seasons. Increased net immobilization in the winter months may be caused by lower mineralization rates, with continued demand for nitrate N and ammonium N by microbes that require N to decompose C compounds. Th e seasonal trends of net N mineralization and inorganic N pools in riparian soils support research in the Calapooia Basin indicating that DN concentrations in surface waters of the basin are highest during the onset of western Oregon's winter rains and during high precipitation periods in spring (Evans, 2007; Floyd et al., 2009) . Late fall and early winter rains have been observed to hydrologically connect overland runoff to surface waters through expansion of the stream network, thereby delivering excess DN that was likely mineralized during the dry summer season to surface waters (Wigington et al., 2003; . Th e peak of inorganic N pool sizes in surface mineral soils that we observed in the lower basin in the fall months corresponds to the period when DN concentrations are highest in the surface waters within the Calapooia Basin (Floyd et al., 2009) , indicating that these riparian soils may be a potential source for N in surface waters. Our data suggest that the mineralized N from the spring and summer months may lead to greater inorganic N pool sizes that can be leached during the fall and winter rains. Th e spring fl ush of mineralized N could also be delivered to surface waters by strong spring storms, if these storms occurred before the onset of signifi cant vegetation uptake of N.
Th e seasonal fl uxes in net N mineralization and inorganic N pools that we observed support the hypothesis that the riparian areas along the Calapooia River may be both net sources and sinks of N during diff erent seasons. During warm seasons, net N mineralization in riparian soils may be high, resulting in net sources of N. Whereas, in the cooler fall and winter months, net N mineralization may be low or even negative, resulting in potential net sinks of N. It is likely that these processes act in concert with seasonal changes in denitrifi cation, microbial assimilation, and plant uptake to reduce the potential export of N that our data suggest. Also, additions of surface litter in hardwood riparian areas are seasonal and may shift the soils from sinks to sources of N as the hardwood litter decomposes. Th is agrees with the work of Garten and Ashwood (2003) , who emphasized the importance of timing of N inputs and outputs to determine if systems function as a source or sink of N.
Location along the River and Net Nitrogen Mineralization
Th roughout the 124 km length of the Calapooia River, estimates of net N mineralization per hectare were strongly infl uenced by the amount of coarse fragments, which eff ectively dilute the estimated amount of N mineralization on a per hectare basis. Coarse fragment content increases steadily moving up the river basin, with many sites in the upper basin dominated by cobbles and rock. In the upper basin, where total-and soilfraction bulk density were diff erent, estimates of N mineralization per ha were substantially lowered when soil-fraction bulk density was utilized to estimate N mineralization on a per hectare basis (Fig. 3 and 4) .
When combined with estimates of excess fertilizer loads that exceed plant uptake requirements, annual net N mineralization per hectare is appropriate for estimating the amount of N that could be potentially lost from the soil system because it is the biologically relevant amount of N that is mineralized at the site. However, it is confounded by any site characteristics that also vary systematically across the basin. Hence, regression analysis selects variables that simply correlate well with location or coarse fragments and may not select the mechanistic variables of interest. Regression analysis on a per kilogram of soil basis removes some of this eff ect of coarse fragments in our study, as can be evidenced by river kilometer, which is strongly correlated with coarse-fragment content, only explaining 1% of variability of this estimate of N mineralization.
Relationship between Site Variables and Net Nitrogen Mineralization
Stepwise regression analysis indicated that hardwood basal area and grass cover were signifi cant positive predictors of annual N mineralization per hectare. Th e relationship with hardwood basal area is supported by a body of research addressing litter quality and N mineralization. Th e amount of decay-resistant lignin, C/N ratio, and lignin/N ratio are primary controllers of decomposition and N mineralization across various climates and forest ecosystems, with less N mineralization occurring as the C/N ratio, amount of lignin or lignin/N ratios increase (Fogel and Cromack, 1977; Melillo et al., 1982; Van Cleeve and Ericson, 1993; Stump & Binkley, 1993; Scott and Binkley, 1997) . Hardwood trees likely contribute litter of a higher quality than conifers at our sites, which is more easily decomposed and more rapidly mineralized. Th e relationship between net N mineralization and grass cover may also be related to litter quality in controlling decomposition and mineralization rates. Grass litter has a low C/N ratio compared with hardwood or conifer litter, which may increase N mineralization rates.
Th ese relationships between N mineralization per hectare and hardwood basal area and grass cover may not be as strong in the Calapooia Basin as the initial regression analysis indicates. We found that location along the river explained 22% of the variability in N mineralization per hectare and that 11 of our 14 candidate variables for regression analysis were signifi cantly correlated with river kilometer (Table 1 ). In the stepwise analysis without river kilometer forced into the model, hardwood basal area explained 45% of the variability in N mineralization per ha but 20% of this predictive ability corresponded to site location along the river. Th is relationship between river kilometer and N mineralization per hectare confounds our ability to accurately estimate the relationships between N mineralization per hectare and our other site variables.
In an attempt to exclude the effects of river kilometer or coarse fragments along the basin, we conducted an identical regression analysis on N mineralization per kilogram of soil. In this model, river kilometer explained < 1% of the variability in N mineralization, likely because this measure of N mineralization excludes the spatially linked infl uence of coarse fragments in the Calapooia River Basin. Stepwise regression analysis indicated that soil total N and total Ca concentrations and total tree basal area were signifi cant positive predictors of annual net N mineralization per kilogram of soil. As total soil N increases, there is more N available for mineralization and hence there is a greater potential for higher N mineralization. Base minerals, such as Ca, have also been reported to be positively associated with higher N mineralization rates (Persson et al., 1991; April and Newton, 1993; Moore, 1995) . Hardwood basal area is a dominant subset of total tree basal area. Th ese measures of basal area are signifi cant positive correlates with each other, indicating it is likely that hardwood basal area accounts for much of the variability in N mineralization.
CONCLUSIONS
Patterns of net N mineralization that we measured along the length of the Calapooia River demonstrate the importance of coarse fragments in reducing estimates of the potentially available N in soils of the riparian zone in the upper Calapooia Basin and indicate that there is more overall N mineralization and higher inorganic N pools in soils of the lower basin due partially to a lack of coarse fragments relative to the upper basin, as well as to increased hardwood basal area, total soil N, and total soil Ca in lower sites. Th is emphasizes that riparian zones along the river network and in diff erent types of landscapes can have contrasting outcomes resulting from biogeochemical functions such as N mineralization and cannot be expected to provide the same degree of N pollution mitigation or ecosystem service in diff erent systems. Future eff orts to research riparian area functions should address the strong diff erences among landscapes and positions along river networks. Failure to understand the functional diff erences both among regions and within watershed-scale management areas may lead to nutrient management guidelines and policies that fail to achieve their goals.
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